The HL-LHC prototype crab-cavities are installed in the CERN SPS, which, for the first time, will allow for a comprehensive beam test with high energy protons. As the time available for experimental beam dynamics studies with the crab cavities installed in the machine will be limited, a very good preparation is required. One of the main concerns is the induced emittance growth, driven by phase amplitude jitter in the crab cavities. In this respect, several machine development (MD) studies were performed during the past years to quantify and characterize the long term emittance evolution of proton beams in the SPS. In these proceedings, the experimental observations from past years are summarized and the MD studies from 2016 and 2017 are presented.
INTRODUCTION
For the LHC upgrade, the use of a crab-crossing scheme is foreseen, aiming to restore an effective head-on collision at the interaction regions [1, 2] . The crab cavities (CC) have been successively operated in KEKB [3] but have never been used in high energy and high current proton colliders. It is therefore of paramount importance to test them in a hadron ring before their full installation into the LHC. For this reason, two LHC prototype crab cavities were installed in the SPS during the technical stop at the end of 2017 and will be tested in 2018 in special machine development (MD) sessions. The SPS test is the only way to get conclusive answers on several aspects, like emittance growth, machine protection, RF non-linearity, instabilities, etc.
One of the important concerns that needs to be addressed in the SPS experiments is the induced emittance growth, driven by phase jitter in the crab cavities. A good understanding and characterization of the present SPS emittance growth is required to distinguish it from the effect of crab cavity noise. As for the SPS test the CC will induce a vertical kick, the most important observable is the vertical emittance growth. Several MD sessions were devoted in the past years to the long-term emittance growth studies in the SPS [4] . For these experiments special cycles with constant energy at a long plateau were set-up in the SPS, called "coast" beam cycles (with bunched beams). In these paper, the results from past studies (2010) (2011) (2012) (2013) (2014) (2015) are summarized and the MD studies of 2016-2017 are presented.
PAST STUDIES
Several experimental sessions were carried out in the past, aiming to characterize the long-term emittance growth in the SPS. Three different energies were studied and the results * Research supported by the HL-LHC project.
until 2012 are summarized in ref. [4] . From those studies, it was concluded that: the transverse emittance growth in the SPS is primarily a single bunch effect, substantial at low energies and moderate at higher energies. The effect of the transverse tune working point is minimal with very low intensity bunches, even in the proximity of the 3rd order resonance and the chromaticity had a strong effect with the growth being nearly proportional to Q'.
MD STUDIES IN 2016-2017
Various machine development sessions were dedicated in 2016 and 2017 to the detailed study of the long-term emittance growth in coast in the SPS. All the experiments were performed with single bunches at 270 GeV, mainly with low intensity (1-4×10 10 ppb). Additional observables both in the transverse and longitudinal planes were used.
Off-bucket Losses
Slow off-bucket losses were observed for all single bunch, low intensity MDs up to 2016. In order to identify the source of those losses, the effects of the RF voltage as well as the low level RF loops were investigated. The RF voltage was seen to have no impact but a clear correlation of the act of the RF feedback with the losses was observed. 
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and low intensity were performed without the RF feedback, eliminating the off-bucket losses. However, the RF feedback is necessary for the stability of the nominal higher intensity beams (∼10 11 ppb).
Impact of Chromaticity
The last MD of 2016 was dedicated to the study of the chromaticity impact on the transverse emittance growth. A first coast (Coast 1) was injected with a single bunch intensity of 4.25×10 10 ppb. The Q' of the machine was corrected to 0.5 and 1 in the horizontal and vertical planes respectively. For lower chromaticity values the beam motion becomes unstable. After 1.8 hours in Coast 1, the beam was dumped and a fresh beam was injected (Coast 2), with a lower bunch intensity of 1.65×10 10 ppb and same chromaticity values. The bunch evolution was recorded for 2.5 h under the same conditions while later the chromaticity was increased by 2 units in both planes. Figure 2 shows the time evolution of the horizontal (blue) and vertical (green) emittances during the MD. A linear fit was applied for the three different tests: (1) Coast 1, (2) Coast 2 with reduced intensity and (3) Coast 2 after the chromaticity change. Comparing the fit results it becomes clear that reducing the intensity resulted in a small increase of the horizontal emittance growth and had no impact in the vertical emittance growth. After the chromaticity increase, a clear slope increase was observed, especially in the horizontal plane. A further MD measured the emittance growth as a function of chromaticity, and unlike previous studies [4] no correlation with the chromaticity was observed, as shown in Fig. 3 . Furthermore, the vertical emittance growth was a factor of 2-3 smaller than in all previous MDs. In order to understand this discrepancy, a detailed analysis of the data and the MD conditions is currently ongoing. Two main differences were identified and are being investigated: (a) the transverse beam profiles during this MD were more Gaussian and (b) the MD took place after the LHC shutdown and the current to all the extraction elements (kickers and septa)was set to zero.
Impact of Intra-Beam Scattering
Intra-beam scattering (IBS) is a multiple Coulomb scattering effect, which can lead to the transverse and longitudinal emittance growth. In the case of zero vertical dispersion, like in the SPS, no effect is expected in the vertical plane [5] . The expected emittance growth due to IBS was estimated for all coasts using the IBS module of MADX [6] . The initial bunch characteristics (transverse and longitudinal emittances and bunch intensity) from the measurements were used as input for each case. Even though IBS can explain part of the observed growth, a residual component on top of it is observed and is very similar between the horizontal and vertical planes. A typical example is shown in Fig. 4 . The measured horizontal and vertical emittance evolution is shown in blue and green respectively. The IBS prediction is shown in red. Adding the residual vertical emittance growth to the calculated IBS horizontal emittance growth (blue dashed line), the horizontal emittance measurements can be reproduced very well. The same observation is valid for most of the coasts. The impact of the SPS optics on the transverse emittance growth was also investigated. While all the experiments were performed with the so called "Q26" optics (corresponding to an integer tune of 26), one of the machine development sessions was performed using the "Q20" optics (integer tune of 20) [7] . While in the latter case the horizontal dispersion is larger and the IBS effect should be reduced, the observations were very similar: a residual emittance growth of the order of 0.3-0.5 µm/h for both planes. Parasitic transverse emittance measurements were also acquired with nominal intensity (1.1×10 11 ppb) with increased IBS effect. The residual growth was also similar in both horizontal and vertical planes and of the order of 0.3-0.5 µm/h.
Other Sources of Emittance Growth
A summary of all the MDs performed in 2016-2017 is shown in Table 1 . The vertical emittance growth shows no strong dependence on the chromaticity, the machine optics or the bunch intensity. Part of the horizontal emittance growth can be explained by IBS while the residual growth appears to be similar in the two planes, varying from 0.3-0.5 µm/h. This gives an indication that the vertical emittance growth is dominated by some other noise mechanisms. The effects of power supply ripple and residual gas scattering are currently under investigation. The mutiple Coulomb scattering of the proton beam with the residual gas (RGS) in the beam pipe, can lead to emittance growth or beam losses [8] . An analytical parameterization of the RGS emittance growth with the radiation length, is shown in Fig. 5 . The different curves correspond to the three coast energies of the SPS, for which emittance growth data are available: 55, 120, 270 GeV [4] .
Vacuum decomposition measurements using a residual gas analyzer were performed in the SPS in 2011 [9] . Based on those measurements, corresponding to a radiation length of 9.53×10 14 cm, the estimated emittance growth is 1.86, 4.19 and 9.14 µm/h at 270, 120, and 55 GeV respectively. Those values are much larger than the observed emittance growth in the machine for all 3 energies. Assuming a 5 times larger radiation length (i.e. better vacuum quality), the estimated emittance growth is 0.37, 0.83 and 1.83 µm/h respectively, which matches very well the observed emittance growth for all three energies. Detailed studies are ongoing in collaboration with the vacuum group, aiming to verify the impact of vacuum quality on the emittance growth.
SUMMARY
Two LHC prototype crab cavities will be tested in the SPS in 2018. During the test, only a limited time will be available for dedicated long-term emittance growth studies, thus a good preparation in advance is essential for efficient testing. Several machine development sessions were dedicated during the last years to the characterization of the transverse emittance growth in the SPS. A clear dependence of the horizontal emittance growth on the chromaticity has been observed, with the exception of the last MD of 2017 for which a more detailed analysis is ongoing. Part of the transverse emittance growth can be explained by intra-beam scattering, however, a residual growth between 0.3-0.5 µm/h is always present in both planes. The impact of the power supply ripple and the residual gas scattering on the residual growth is currently under investigation. The first RF noise measurements on the crab cavity module in SM18 indicate larger LLRF noise than expected leading to potential emittance growth from phase noise to be between 2-8 µm/h scaled to SPS parameters between bunch lengths of 1-2 ns [10] . This is well above the measured growth with the optimized setup during the SPS 270 GeV coasts. The detailed quantification of the crab induced growth will help deter- 
